It is difficult to classify methods of removing carbon dioxide (C0 2 ) from expired air. Many methods are possible. Some are impractical at present but rapid advances are being made in the fields of aviation, space, underwater and environmental medicine and those methods currently regarded as far-fetched may become accepted within a few years.
One way of classifying methods of CO 2 removal is to divide them into: (a) non-regenerative, removing CO 2 alone; (b) non-regenerative, removing CO 2 and supplying oxygen (0 2 ); (c) regenerative, removing CO 2 ; (d) regenerative, removing CO 2 and producing O 2 , Another way is to classify compounds used to remove CO 2 into: 1. absorbents 2. adsorbents (a) carbonaceous adsorbents (b) liquid film sorbents (c) zeolite molecular sieves 3. biogenerators 4. other.
Both classifications will be used in this article to clarify the present position in the midst of ongoing research by industry and in other fields of medicine.
(a) Non-regenerative methods of CO 2 removal
Solid absorbents include sodium, potassium, calcium, barium and lithium hydroxide which have all been used in rebreathing systems. Adsorbents include charcoal and other carbonaceous materials.
Liquid and deliquescent absorbents are not used in anaesthesia or in personal portable rebreathing systems owing to the risk of caustic liquid entering and damaging the lungs.
Anaesthetists use soda lime and barium lime to absorb CO 2 , Charcoal and Carbosieve also adsorb hydrocarbons, halogenated hydrocarbons and other trace organics. Containers of powdered charcoal have been used to scavenge waste gases and prevent atmospheric pollution.
Rebreathing systems using absorbents have been developed for fire-fighting, mine and aviation rescue. Absorbents are also used to clear ambient air of CO 2 in short-term space flights and in diving pressure chambers and submersibles. The volume of carbon dioxide expired by the average adult has been measured and the output standardised for different levels of activity per day. These figures are used as a basis for calculating the amount of absorbent required for mine rescue and firefighting apparatus. In sedentary space flight an output of only 1.0 kg CO 2 daily has been postulated.
The amount of absorbent required is calculated by weight for the period of time to be spent rebreathing: 2.3 kg of soda lime is needed to absorb 1.0 kg CO 2 , As 1.3 to 1.5 kg of lithium hydroxide (LiOH) will absorb the same quantity of CO 2 , LiOH is the absorbent of choice for rescue packs. Because of the high cost of LiOH, soda lime is used in training exercises and LiOH saved for genuine rescues. Lithium hydroxide requires careful handling as it may cause more serious burns to the eyes, skin and respiratory tract than either soda or barium lime (Baralyme). Anhydrous LiOH is preferred as it is harder, less caustic and produces less dust than partially hydrated LiOH. Water vapour in expired air is sufficient to start the chemical reaction in anhydrous LiOH to absorb CO 2 , 2 LiOH + 2 H 2 0 -2 LiOHoH 2 0 2 LiOH· H 2 0 + CO 2 -Li 2 C0 3 + 3H 2 0.
The reaction with CO 2 is exothermic, 1.0 kg LiOH producing 485 kcal. A heat exchanger has been incorporated into the aviation rescue pack.
The use of non-regenerative hydroxide absorbents for prolonged space flight and in submarines staying submerged for many days at a time is impractical owing to considerations of their weight and the space required to store them. Both solid and liquid organic amines have been used as non-regenerative methods of CO 2 removal in nuclear submarines.
(b) Non-regenerative methods oj removing CO 2 and supplying O 2
These have been used in both aviation and underwater medicine. They include the use of peroxides of alkaline metals combined with water, and more recently the Russians have used superoxides or hyperoxides which also absorb other impurities from air and take up water vapour.
(e) Regenerative methods oj CO 2 removal
In submarines monoethanolamine was used as a regenerative wet CO 2 scrubber. This has the property of absorbing CO 2 when cold and releasing it when heated. Waste CO 2 was pumped into the sea. It had the disadvantage that it could give rise to atmospheric contamination with monoethanolamine and ammonia. These scrubbers are now being replaced with safer systems.
CO 2 is highly permeable through a thin silicone rubber membrane. CO 2 electrodes employ a membrane which is permeable to gaseous CO 2 but not to liquids or solids. Attempts have been made by swimmers to stay underwater breathing from air bags made from several square metres of semi permeable membrane through which expired CO 2 diffuses into the surrounding water. Mice have been kept alive in jars of respirable liquids such as the perfluorocarbons which carry both O 2 and C0 2 1. Respirable liquids exchange gases too slowly to be breathed by man. A fluorocarbon has been developed which absorbs CO 2 but not O 2 , Carleton Technologies Inc, USA, is developing a membrane-based CO 2 separator which is in the early prototype stage. Air with CO 2 enters a chamber where it passes over a series of thin semipermeable or mobile liquid membranes which contain the fluorocarbon. The fluorocarbon absorbs CO 2 as it is pumped through each layer of membrane. The flurorcarbon containing CO 2 is then moved into a second chamber where the CO 2 diffuses out through the membrane and is subsequently pumped out of the system. It is hoped that this will be a permanent, lowcost, safe, continuous and reliable method of CO 2 removal for submarine use, and it may have other applications.
The most important regenerative method of removing CO 2 is by using a synthetic zeolite or molecular sieve.
Naturally occurring zeolites or ceramic filters have been used by industry for many years, e.g. in petroleum refining, for water purification and for drying gases and liquids. Zeolites are crystalline hydrated aluminosilicate minerals containing alkali and alkaline earth metals. They have a three-dimensional tetrahedral framework built from the linkage of Si0 4 and AI0 2 tetrahedra. Sodium or calcium cations balance the charge deficit of the alumina tetrahedra. Different chemical structures in rings or polyhedra give rise to different entry pore sizes and different size cavities between the tetrahedra. The cavities are 2-8A wide. Synthetic zeolites are used as molecular sieves, depending on their particular physical properties and stability with adsorbed fluids. During synthesis of zeolites for molecular sieves the cavities between tetrahedra are filled with water molecules which are then driven off by heating before use, leaving the entry pores and cavities open to adsorb gas molecules. The area of adsorbing surface within the cavities is about 99070 of the total available surface. Adsorption of a gas molecule depends on its polarity and size.
Two synthetic zeolites used in oxygen generators are 5A and 13X which have pore diameters of 4.2A and 7.44A respectively. Molecules of nitrogen are 4.63A in diameter, O 2 3.46A and argon 3.40A. When gas molecules of similar size enter the pores separation is based on the polarity of the molecule, the more polar the molecule the better the adsorption.
Carbon dioxide is a polar molecule with a diameter of less than 4.2A. It is retained in 5A and 13X by Van der Waal's forces rather than by chemical bonding, therefore the process can be reversed by mild changes in temperature and pressure. The process can be compared to that of using a household sponge which adsorbs water without altering its composition and which gives up its water contention or desorption on squeezing out.
The molecular sieve used in an oxygen generator has to be filled with air and emptied of retained nitrogen and CO 2 at intervals depending on its size. This may be accomplished using pressure swing adsorption technology. This is a process by which two molecular sieve beds in parallel are alternately pressurised and depressurised to fill and empty them. Rapid pressure swing adsorption (RPSA) fills and exhausts molecular sieve beds with a cycle time of 5 to 10 seconds. This improves their efficiency and increases their output.
Molecular sieve oxygen generating systems have undergone extensive laboratory and in-flight evaluation in recent years. In the past, military fighter aircraft crew flying at about 3000 m were provided with oxygen from cylinders or from a liquid oxygen supply on board. The function of an On Board Oxygen Generating System (OBOGS) is to produce oxygen-enriched breathing air from ambient air. This removes the need to replenish aircraft gaseous or liquid oxygen supplies and increases operational flexibility and safety.
The prime function of an OBOGS is the removal of nitrogen from ambient air. Until 1975 molecular sieves could only produce 74070 O 2 which was inadequate for military air crew. As the result of a technical breakthrough in 1975 it became possible for molecular sieves to produce 95 % oxygen with 5 % argon from air. At this time it was known that the zeolites used to remove nitrogen also removed all CO 2 from the oxygen/argon mixture. This was of minimal importance in aviation medicine as aircraft personnel do not use rebreathing systems.
In 1985 a second carbon molecular sieve was added as a secondary oxygen purifier and oxygen concentrations in excess of 99% are now obtained. Molecular oxygen generators containing two sieves are known as high performance systems. Information about the structure and properties of the carbon molecular sieve are difficult to obtain. It is reportedly produced by pyrolysis of several thermosetting polymers such as polyvinylidene chloride (PVDC), polyfurfuryl alcohol, cellulose triacetate and saran copolymer.
Molecular sieves used in oxygen generators are able to remove all traces of CO 2 , CO, C 2 H 3 0H, HF, H 2 0 2 , CH 3 0H, CH 3 Br, N 2 0, NO and O 2 , as well as nitrogen. In many parts of the world oxygen concentrators are used by anaesthetists to provide oxygen for anaesthesia. It is possible to return CO 2 in expired oxygen-enriched air to the air intake of the system and recycle these gases through the molecular sieve. If nitrous oxide and inhalation agents are in the expired gases they may be taken up by the molecular sieve and so not be available for rebreathing. If a zeolite which adsorbs halogenated et hers is used and a simple method of extracting adsorbed inhalational agents from the zeolite is developed, this would be a major contribution to cost saving and the prevention of atmospheric pollution.
(d) Regenerative methods removing CO 2 and producing O 2
Defence Science and Technology Organisation scientists of the Australian Department of Defence are developing a process using marine micro algae to absorb expired CO 2 • Tests of the process have shown that it can reduce CO 2 levels in a Collins Class submarine with a 42 person crew from 2% to less than 0.5% in an hour and maintain this reduced level for at least 40 days. Oxygen is produced as a byproduct of the photosynthesis of the algae. Could we have algal Anaesthesia and Intensive Care, Vo!. 22, No. 4, August, 1994 colonies on the windowsills of our operating theatres in future?
Other systems are being developed for use in interplanetary space craft and space stations of the future. Carbon dioxide may be removed from air by a cryogenic device in conjunction with cryogenic oxygen storage. Carbon dioxide is frozen in regenerators or in special heat exchange freezers. It is a two-stage system, the first being separation of CO 2 from air, the second formation of solid CO 2 • Another experimental system decomposes CO 2 into carbon and oxygen. A solid electrolyte system is used which has two steps. The first step is the dissociation of CO 2 into CO and 0 at a temperature of 600°C. Passage of a voltage potential across the solid electrolyte releases O 2 • CO is circulated through a reactor to form O 2 and solid carbon.
CONCLUSION
Carbon dioxide adsorption by a molecular sieve is probably the most promising system which could be introduced into anaesthetic practice. Containers of synthetic zeolite could be expected to last for months to years without replacement. Oxygen concentrators marketed for domestic or operating theatre use could be adapted to remove CO 2 from expired gases. Aeromedical research laboratories have been testing and evaluating molecular sieve oxygen generating systems for many years. Information on the performance of these systems includes details of heat and noise production, radio frequency/electromagnetic interference and compatibility, effects of temperature and water vapour content on zeolite performance, electrical safety and fire and explosion protection.
Although only CO 2 removal may be required, oxygen provision could be a bonus. Oxygen concentrators offer significant cost savings when compared with the cost of buying compressed gas and liquid oxygen and also offer enhanced patient safety. There appears to have been little research concerned with the adsorption and recovery of nitrous oxide or of halogenated hydrocarbons and et hers used in anaesthesia. Research into air pollutants indicates that both nitrous oxide and inhalational agents would be adsorbed by zeolites which adsorb nitrogen and carbon dioxide. It remains to be seen whether a molecular sieve which selectively removes CO 2 will be developed in future or whether a newer method of CO 2 removal will make the use of zeolites obsolete.
